We present a novel technique for generating two-photon polarization mixed states of any structure, which is based on the peculiar spatial characteristics of a high brilliance source of entangled pairs. Werner states and maximally entangled mixed states, two well-known families of mixed states important for quantum information, have been created and fully characterized by this technique. We have also investigated and tested the nonlocal properties of these states. DOI: 10.1103/PhysRevLett.92.177901 PACS numbers: 03.67.Mn, 03.65.Ud, 03.65.Wj, 42.65.Lm In modern science of quantum information (QI), entanglement represents the basis underlying future quantum computers [1], quantum teleportation [2, 3] , and some kinds of cryptographic communications [4] . The quest for the pure maximally entangled states is somewhat counterbalanced by the increasing emergence of the mixed states and nonmaximally entangled states in the real world. Because of the unavoidable effects of losses and decohering interactions, indeed these states are today considered the basic constituents of modern QI and computation as they determine the performance of all quantum communication protocols [2, 3, 5] . In the past few years, within an investigation aimed at the characterization of the mixed states as a practical resource, a new branch of arduous mathematics and topology has been created to investigate the quite unexplored theory of the positive maps in Hilbert spaces in view of the assessment of the residual entanglement and of the establishment of more general state-separability criteria [6, 7] . In quantum optics a consistent and wide range investigation of these aspects reqires the availability of a universal, flexible source by which two-qubit photon states of any structure could be easily enginerered in a reliable and reproducible way. In this letter we demonstrate that a novel high brilliance spontaneous parametric down conversion (SPDC) source of polarization entangled photons, recently developed in our laboratory, possesses these properties [8] [9] [10] A detailed description of our high brilliance source of entanglement has been recently published [8, 10] . It consists of a high stability single arm interferometer where the polarization entangled state ji 2 ÿ1=2 jHHi e i jVVi, expressed in the horizontal (H) and vertical (V) basis, arises from the superposition of the SPDC emission cones ( 727:6 nm), generated by a thin type I -BaB 2 O 4 (BBO) crystal which is excited in two opposite directions (left and right) by a backreflected cw Ar laser beam ( p 363:8 nm) (cf. Fig. 1 ). The crucial element for generation of entanglement is represented by the ''d section, '' where both the pump and the photon pairs are reflected by a spherical mirror M with radius R 15 cm, highly reflecting both and p , placed at a distance d R from the crystal. In this section a zeroorder =4 wave plate (wp) performs the jHHi ! jVVi transformation on the two-photon states belonging to the left cone while leaving in its original polarization state the pump beam ( p =2). The phase is reliably controlled by micrometric displacements of M. A positive lens transforms the overall conical emission distribution into a cylindrical one whose transverse circular section, spatially selected by an annular mask with diameter D 1:5 cm and width 0:07 cm, identifies the entanglement ring (e ring). After division of the ring along a 
In modern science of quantum information (QI), entanglement represents the basis underlying future quantum computers [1] , quantum teleportation [2, 3] , and some kinds of cryptographic communications [4] . The quest for the pure maximally entangled states is somewhat counterbalanced by the increasing emergence of the mixed states and nonmaximally entangled states in the real world. Because of the unavoidable effects of losses and decohering interactions, indeed these states are today considered the basic constituents of modern QI and computation as they determine the performance of all quantum communication protocols [2, 3, 5] . In the past few years, within an investigation aimed at the characterization of the mixed states as a practical resource, a new branch of arduous mathematics and topology has been created to investigate the quite unexplored theory of the positive maps in Hilbert spaces in view of the assessment of the residual entanglement and of the establishment of more general state-separability criteria [6, 7] . In quantum optics a consistent and wide range investigation of these aspects reqires the availability of a universal, flexible source by which two-qubit photon states of any structure could be easily enginerered in a reliable and reproducible way. In this letter we demonstrate that a novel high brilliance spontaneous parametric down conversion (SPDC) source of polarization entangled photons, recently developed in our laboratory, possesses these properties [8] [9] [10] . Tunable Werner states [11] and maximally entangled mixed states (MEMS) [12, 13] have been synthesized by this source. Their properties have been fully characterized by quantum tomography [14] and Bell's inequalities test [15] .
A detailed description of our high brilliance source of entanglement has been recently published [8, 10] . It consists of a high stability single arm interferometer where the polarization entangled state ji 2 ÿ1=2 jHHi e i jVVi, expressed in the horizontal (H) and vertical (V) basis, arises from the superposition of the SPDC emission cones ( 727:6 nm), generated by a thin type I -BaB 2 O 4 (BBO) crystal which is excited in two opposite directions (left and right) by a backreflected cw Ar laser beam ( p 363:8 nm) (cf. Fig. 1 ). The crucial element for generation of entanglement is represented by the ''d section, '' where both the pump and the photon pairs are reflected by a spherical mirror M with radius R 15 cm, highly reflecting both and p , placed at a distance d R from the crystal. In this section a zeroorder =4 wave plate (wp) performs the jHHi ! jVVi transformation on the two-photon states belonging to the left cone while leaving in its original polarization state the pump beam vertical axis, the two resulting equal portions are detected at sites A and B within a bandwidth 6 nm, which corresponds to the coherence time coh 140 fsec. The nonlocal nature of the state j ÿ i ( ) has been recently demonstrated by a Bell inequality experiment which gave a violation of 213 ÿ with respect to the limit value S 2 implied by local realistic theories [8, 15] . Furthermore, the optional insertion of a zero-order p=4wpinthed section of the source, intercepting only the UV beam (cf. Fig. 1 ) allows the engeneering of tunable nonmaximally entangled states, a class of states by which the nonlocality of quantum mechanics can be tested without inequalities [8, 16] . By this source, all possible bipartite states in 2 2 dimensions with tunable degree of mixedness and a minimum expense of photons can be created. This expresses its character of flexibility and universality, as is demonstrated in the case of the creation of Werner states and MEMS.
Werner states and MEMS are two particular classes of mixed states whose density matrix, expressed in the jHHi, jHVi, jVHi, jVVi basis can be written as
Werner states [11] W pj ÿ ih ÿ j 1ÿp 4 I 4 consist of a mixture of a pure singlet state j ÿ i 2 ÿ1=2 fjHVi ÿ jVHig with probability p (0 p 1) and a fully mixed state with probability 1 ÿ p, expressed by the unit operator I 4 defined in the 4-dimensional Hilbert space. The density matrix W is given by the parameters A D [6, 11] . Moreover, they possess a highly conceptual and historical value because, in the probability range 1=3 < p < 1= 2 p , they do not violate any Bell's inequality in spite of being in this range nonseparable entangled states, precisely, negative partial transpose (NPT) states [6, 17] . These states are also important for QI, since they model a decoherence process occurring on a singlet state traveling along a noisy channel [18] .
MEMS are to be considered as peculiar ingredients of modern quantum information because their entanglement cannot be increased by any unitary transformation [12, 13] . Since the Werner states share this property they can be assumed to belong to the broader class of generalized MEMS [19] . The MEMS generated and tested by our method are the ones that own the maximum value of tangle T allowed for a given value of linear entropy S L [19, 20] . The density matrix MEMS is represented by Eq. (1) with the parameters A 1 ÿ 2gp, B gp, [12, 13] (Fig. 4) with good agreement between experimental data and the theoretical plot. We have recently tested the nonseparability condition for Werner states by a powerful entanglement witness method for polarized photons based on few local measurements [10] .
A further example concerns the generation of MEMS [9] . The creation of MEMS depends on the singlet weight, either p < An accurate experimental production of MEMS is particularly severe because of the critical requirements needed for operating on the very boundary between the allowed and the forbidden region of the (S L ; T) plane [12, 13] . In this sense any lack of correlation within the singlet contribution limits the quality of MEMS. One of the main limitations to the coherence of the state is given by spatial walk-off occurring in the BBO and in the =4 wp. This effect is reduced by lowering the aperture angle of the emission cone. For this experiment the mask diameter was D 0:75 cm. The results shown in Figs. 3(d) -3(f) reproduce graphically the real components of three different MEMS structures. Several MEMS generated by this technique are plotted in the S L ; T plane and compared with the theoretical line (Fig. 4 ). An alternative realization of MEMS implementing a partial-polarizer based filtering concentration technique, which occurs with a larger expense of photons, has been recently given [20] .
P H Y S I C A L R E V I E W L E T T E R S
We have investigated the nonlocal properties of generalized MEMS by following a unifying variational approach, based on the quantitative test founded by John Bell to verify the completeness of quantum mechanics. In the case of two photons with polarization 1 and 2 , local realism implies the following inequality: ÿ2 S Pû u 1 
For any state with density matrix expressed by Eq. (1), with C ÿp=2, the following property holds: Fig. 4 . The experimental data, placed under the theoretical straight line, indicate a still nonperfect correlation within the singlet region A in Fig. 2(a) .
In this Letter we have presented a reliable and efficient technique for the production of Werner states and MEMS, two families of mixed states of wide interest in quantum information, in order to study decoherence processes. We used polarized photons generated by a high brilliance source of entanglement which is completely tunable to achieve any bipartite two-photon state. These states have been characterized by quantum tomography. The nonlocal properties of these states have been investigated both experimentally and theoretically. 
